Abstract: As a new technology, electric mobility has the potential to achieve a reduction in CO 2 emissions and contribute to the transition from the current transportation system to a better one, environmentally speaking. The objective of the paper is to aid the necessary decision-making for the adoption and development of electric vehicles in Spain, taking the time horizon of 2020. This will be achieved by building a System Dynamics model for various scenarios that will be used for the analysis and comparison of various dynamic variables, as well as to determine how, and to what extent, they will influence the number of electric vehicles that will run on Spanish roads in the coming years, focusing on the cost variable.
Introduction
Road transport today is responsible for a significant and growing share of global CO 2 emissions. In 2008, the transport sector consumed 38% of the total energy used in Spain. Within the sector road transport is still almost entirely dependent on oil-derived fuels (about 98%), and is therefore highly vulnerable to possible oil price fluctuations and supply disruptions. The transport sector is responsible for more than 25% of CO 2 emissions in Spain, and road transport is responsible for 90% of the CO 2 emissions in this sector, with an energy consumption of about 80% of the sector's total [1] .
Looking at these data, a change process in the automotive sector which involves a reduction in both CO 2 emissions and energy consumption of vehicles running in Spain is necessary. To achieve this, the
Work Methodology
The potential future developments of the electric vehicle sector are still unknown, making it impossible to analyze all the influential elements, so to forecast the adoption process of the electric vehicle, an approximation must be used. In a previous work by Geels [15] , it is explained that the conceptual perspective of the technology transition to the electric vehicle is fairly complex. "Can it be made operational for empirical research? The proof of the pudding is in the eating, i.e., use the perspective for empirical analyses of dynamics of socio-technical systems". This means that there is an abstract representation of technology transitions. However, a more empirical version of this process is required.
The methodology used in this project is the creation of a simulation model through which different policy options are played out in different scenarios, leading to different results. Due to the complexity of the model and the variety of interactions between its component variables, the research method used to create the model and its analysis is System Dynamics. System Dynamics is a method that challenges us all how to move from generalizations (abstractness) about accelerating learning and system thinking to tools and processes that help us to understand complexity, design better operating policies, and guide change in systems (concrete) from the smallest business to the planet as a world [16] .
It is not easy to model the process of diffusion of a new technology. However, System Dynamics is an appropriate tool to model it. "System Dynamics is used for the analysis of policy and strategy, with a focus on business and public applications. Furthermore, System Dynamics is a perspective and set of conceptual tools that enable us to understand the structure and dynamics of complex systems" [16] . This modeling technique provides more concreteness to the abstract description of technology transitions.
System Dynamics models facilitate the development and testing of policies that lead to improved system behavior. It is very important to know that System Dynamics is not a tool designed to predict the future, but a tool to understand the present: to understand the variables that interact and how they can influence each other.
A causal loop diagram, as shown in Figure 1 , is the tool used in System Dynamics to visualize the causal relations between variables in a system. A positive causal influence, symbolized by "+", means that if the influencing variable (which is at the arrow's origin) increases, then the influenced variable (which is at the arrow's head) increases. A negative causal influence, symbolized by "−", means that if the influencing variable increases then the influenced variable decreases. With the causal loop diagrams we are able to visualize the feedback loops of a model. A feedback loop exists when a variable can influence its own value over time. In a positive, or amplifying, feedback loop, an increase in the variable will lead to a further increase of the variable over time. In a negative, or balancing, feedback loop an increase in a variable will lead to a decrease over time. Figure 2 shows a general vision of the model's blocks and the interrelations between them. Initially, there is a demand for electric vehicles. The vehicles manufactured must satisfy this demand. For the study, the vehicles manufactured for the Spanish market are considered, not taking into account the country in which they are manufactured. As the number of manufactured vehicles increases, the electric vehicle park will also grow, which will clearly affect CO 2 emissions included in the environmental block and, subsequently, the policies options that the Government can use, either in the form of subsidies or special cargo rates, or an increase in the number of charging points, etc. The Government's policies will also be influenced by the environmental block, since the subsidies will be amended to reduce CO 2 emissions to the atmosphere.
General Model Description
The Government's policies will significantly influence the cost that the potential customer perceives when purchasing electric vehicles, due to subsidies, and the costs over the life of the vehicle by reduced overnight charge rates, etc. In addition, the Government's policies will also affect the attractiveness of electric vehicles for the consumer in comparison to a conventional vehicle. This is motivated by the advantages or disadvantages that buying an electric vehicle may have, such as the autonomy, the lack of charging points, the cost of recharging the electric vehicle, etc.
Both the cost of the electric vehicle and its attractiveness to the consumer are directly related to the evolution that the technology of electric vehicles will have in the coming years. This is because a very important part of the purchase price of electric vehicles is the battery, and one of the main factors of concern for potential buyers is the autonomy they have.
To close the loop, electric vehicle demand will evolve over time, influenced by the amount of money the buyer will have to pay (at the initial time of purchase and throughout the life of the vehicle), and its attractiveness.
It is interesting to note that, in global terms, the evolution of the technologies associated with electric vehicles will also be influenced by the demand for them. In this study, it is not considered in this way, since the demand for electric vehicles in Spain is very small in comparison to global demand, which will motivate technological advances in this field.
The same happens with other blocks, that is, the system being treated is not an isolated system. The global market for electric vehicles will influence the system, but for this study, we have considered various data as exogenous variables, i.e., the value of these variables is determined by factors not included in the model being used. According to this, we can determine that the study covers worldwide developments. 
Block: Electric Vehicle Cost
Although all the blocks are treated in the full study, for this paper, only the block containing the electric vehicle costs and its comparison with the conventional vehicle are explained. This model's block analyzes the costs of both electric and conventional vehicles at time of purchase by the customer and during the vehicle's lifetime. To do this, data is considered as an evolution of oil prices and electricity, maintenance costs, etc.
To analyze the economic efficiency of electric vehicles, the total costs of ownership (TCO) of both vehicles (electric and conventional) are analyzed [17] . TCO describes costs over the lifetime of a vehicle: purchasing costs and costs of operation (annual costs). A comparison of the TCO of electric vehicles with the reference vehicles provides indications of the economic efficiency of the former. The battery plays a major role in the TCO, so battery costs are looked at in detail.
The model has been divided into four sections: the purchase cost of the electric vehicle, the cost of the electric vehicle during its life, the purchase cost of the conventional vehicle, and the cost of operation of the conventional vehicle during its life. The total cost of electric vehicles consists of the sum of the purchase cost and the running costs of electric vehicles. In the same way, the total cost of conventional vehicles consists of the sum of the purchasing cost and the running costs of conventional vehicles. Figure 3 shows a summary of the overall functioning of the block. The simplest section corresponds to the purchasing cost of the conventional vehicle by the customer. The conventional vehicles that can potentially compete with electric vehicles are relatively compact, so that, based on statistical data and purchasing trends in Spain, a reference price has been set for the conventional vehicle.
Once the reference value of the conventional vehicle has been set, the purchase cost of electric vehicles is determined by the reference value of the conventional vehicle, adding some kind of costs, but also eliminating others. Figure 4 shows a simplified diagram of the electric vehicle. The most significant additional costs of electric vehicles will be the necessary wiring and charger for charging the vehicle both slowly and rapidly [2] , the different motor drive required and, of course, the cost of the batteries, which is the most significant contributor.
According to the available information [2] , the extra charger and wiring costs in Spain will cost about 480 €, while the cost of the motor drive will be 160 €. In contrast, the motor simplification leads to a reduction of product cost. It is estimated that a gasoline engine will cost about 2,400 €, while the electric motor will only cost 1,200 €, so there is an interesting reduction.
Moreover, the electric motor requires an additional component: an engine control system that allows the required torque or speed to be adjusted for every load point. The cost of this control is now about 1,020 € but a significant reduction is expected to result from mass production, with the price reaching 70% of its current value [18] .
In electric vehicles, an additional component called a DC/DC converter is also required. This is used to convert the voltage from 100 V to 12 V, which is necessary for the auxiliary systems required for the vehicle. The cost will depend heavily on the input voltage, but should be around 300 € [18] .
In addition to this converter, an AC/DC converter, used to recharge the battery by connecting it to an external AC power, is also needed. The cost of this converter is approximately 400 € [18] .
One of the key factors in the evolution of the purchasing price of electric vehicles will be the reduction in the battery costs in the coming years. To predict these developments, there is a model which includes forecasted values of the reducing cost of the kWh, and the evolution that the battery capacity will undergo in the coming years in both optimistic and pessimistic scenarios [19] , developed in the Technology Block, mainly using works by Kromer and Heywood [20] , Duvall [9] and Kurani [13] .
To calculate this, it is also necessary to know the battery's capacity and the manufacturing cost of the battery. For the cost estimate, we use a graph of the expected price per kWh reduction over the next 10 years. To do this, we use the following reference data [19] from the Technology Block.
As can be seen in the graph ( Figure 5 ), there are several scenarios for the cost of batteries, but what is quite clear is that they provide a very significant decrease. So far, the rate of decline in the cost of the batteries has been between 6% and 8% per year [21] . Many analysts predict that the price will continue to fall over the next 10 years in the same way, due to increased production volumes.
A cost that has also been considered for this study is the upgrading cost of the garage, in appropriate cases, to be able to recharge the battery there. Taking into account the potential population living in apartment buildings, in single-family houses, and the Spanish law, the upgrading cost will vary significantly.
According to a RACE (Royal Automobile Club of Spain) study [22] , 80% of the population would choose the nighttime to charge electric vehicles, so to simplify the model it is assumed that in these early years of commercialization of electric vehicles a customer acquiring an electric vehicle will also charge it in his garage during the night.
At this point it is very important to know whether the available garage is individual or community property, because, though the charging systems are similar, the method for calculating electricity consumption differs considerably in each case. On the one hand, in an individual garage, all electricity consumed (either by charging an electric vehicle or by having a computer connected, or air conditioner for example) will be billed to a single consumer. On the other hand, in the community garage, it is necessary to discriminate the source of consumption in order to know whom it will be charged to. According to data from the INE (National Institute of Statistics), 28% of the population lives in a single-family house, while 72% live in a flat. While not 100% of the population has a garage, this study has ignored that fact, since, according to all surveys [22], the potential client owns a garage.
In a single-family house garage, it is simply necessary to have a 230 V and 16 A household outlet, for which the cost has been estimated at approximately 100 € for a basic installation in an environment with electric service available.
In the case of collective garages, the required system is slightly more complex. While the law already authorizes and provides facilities in such collective garages (Law 49/1960, of July 21st), in this case, as well as having a socket of similar dimensions to those of an individual garage, a counter to discriminate the source of consumption is also needed. Thus, the residents pay the total electricity consumed, then that cost is distributed among users of existing electric vehicles in proportion to their consumption. However, in anticipation of widespread recharging of electric vehicles in collective garages, several brands of electric circuits are beginning to market solutions for collective garages such as charging system monitoring interfaces, or in its simplest case, individual recharging points activated by an identification system to eliminate potential vandalism.
In view of the electrical systems that must be installed in the collective garage, it is logical to expect that the cost of installation will be very superior to that in the individual garage. Taking into account actual budgets, and also taking into account the need for the implementation of a certification for it to be a new installation, the estimated average cost for charging an electric vehicle in a community garage is 900 €.
A final factor to consider in the purchase price of electric vehicles is the subsidies that the government can provide at the specific time of purchase. For this calculation, we use three interrelated variables: the value of the subsidy, the budget that the IDAE (Spanish Energy Institute) can spend on subsidies for the purchase [1] and, finally, the money already being spent on subsidies.
Currently, 7,000 Euros has been taken as the purchase subsidy [1] , which is the average subsidy for this type of vehicle in Spain. The government budget is 240 million Euros in 2011 and 2012. For 2012, no data or estimations of subsidies have yet been delivered.
Once the purchasing costs for both vehicles have been established, it is now necessary to determine the running costs, which in both cases are mainly the cost of fuel (and its consumption) and the cost of vehicle maintenance.
For the conventional vehicle, the analysis of the annual fuel consumption begins with the average consumption of an internal combustion vehicle today in Spain, taking into account the average consumption of diesel and gasoline vehicles, as well as the percentage of population using each kind of vehicle. It is considered that the average consumption of a gasoline engine is 8 liters per 100 km (20.4 miles per gallon), while the average consumption of a diesel vehicle is 6 liters per 100 km (39.2 miles per gallon) [23] . Given that in Spain 53% of vehicles are gasoline and 47% diesel [24] , the current average consumption of an internal combustion vehicle is the product of the consumption of gasoline vehicles times their percentage product, added to the consumption of diesel vehicles multiplied by their percentage. After obtaining some reference data, some improvements in the efficiency of the engines that will be developed in coming years have been added as well as aerodynamic improvements that will dynamically change vehicle consumption [2, 18] .
Estimating how oil prices will evolve over the next 10 years is a task of great complexity with a high rate of failure. The price of oil depends on many factors. There are few reserves in the World and it is a scarce commodity (referring to what can be extracted with current technology, and whose extraction would be profitable at current oil prices). Another important factor to consider is the large scale financial speculation, apart from the ongoing geo-political conditions (oil prices may rise due to political situations involving producing countries). Figure 6 shows the evolution of oil prices in recent decades. It shows the great variability of the price and the mathematical complexity of this development model [25] . However, to obtain a more realistic model, the fixed oil price (the value at the beginning of 2010) has been included [26] . The forecast values in oil prices in dollars/barrel are: The tax regulations fixed by Spanish legislation need to be added to this oil price, as well as transport and the profit margin of gas stations. According to data from the "Market Observatory for Energy" [26] , indirect taxes for gasoline are 436.47 € per 1000 liters, while for diesel fuels they are 340.36 € per 1000 liters. The V.A.T. tax in Spain is at 18%, and the profit margin of gas stations in Spain is about 25%.
Finally, we estimated the maintenance costs that conventional vehicles will have on an annual basis. For this, we estimated the maintenance costs that a conventional vehicle has over its useful lifetime, and this estimation has been done taking into account the number of kilometers a vehicle does on average before it needs to be replaced. The value will be set by external studies that determine the value as 0.03 € per kilometer covered [11, 27] . If this value is multiplied by the average annual kilometers traveled by a vehicle, this will have, as a result, an economic value which is the amount that the customer spends on an annual basis on conventional vehicle maintenance.
For the running costs of the electric vehicle, the schema is similar to that of the conventional vehicle: There is an annual cost due to vehicle consumption and other costs due to maintenance.
The annual cost derived from the electric vehicle consumption is calculated based on the price of electricity, but it is necessary to take into account various considerations: the number of users that will have a suitably equipped garage, the number of users that will recharge by night, by day, the driving patterns [21] , etc. The first consideration is to assume that most users with electric vehicles will have a garage (as seen before) and most of them (80% [22]) will recharge the car at night. This value is also supported by studies in pilot positions analyzing the patterns of use of the electric vehicle and its recharge rate. Figure 7 shows the results of a study of "The Idaho National Laboratory" [21] . It can be clearly seen how the majority of recharges are done during a period when the vehicle is not in use, at nighttime.
According to this, the prices of recharge during the day, the evening and at the reduced rate called "Super Off-peak Tariff", given by the Government of Spain, were studied. The last rate is designed to support the charges of electric vehicles made during the night, and thereby improve the recharge curve as explained above, as reflected in the "Strategy to Promote Electric Vehicles in Spain" [28] . Since there is still no information on this rate, we estimated a maximum cost per kWh that would give this rate-calculated value at 50% of the cost of electricity during the night. This value has been taken in a somewhat arbitrary way, since, as mentioned above, there is no information yet on this rate, but it is considered that this value of kWh could achieve the results anticipated at this rate.
With the values of all rates and the estimations of the potential users of each rate, the average price of electricity has been obtained. As happened with oil prices, obtaining an estimate of the price of electricity in Spain is extremely difficult, but it has been necessary to make this estimate for a more realistic model. Data based on from the values from recent years cannot be extrapolated, given the continuous modification of the rates due to a tariff deficit of the electrical system.
The tariff deficit is the difference between the actual cost of electricity production (both production and transport and distribution) and the fixed rate. This generates a debt that is accumulated every year. Because of this, the fluctuation in prices is difficult to quantify. According to this, the approach indicated by the European Commission for Energy has been used, given by the curve shown in the Figure 8 . Finally, it is necessary to estimate the maintenance costs in the same way as for conventional vehicles, that is, relative to the number of kilometers a vehicle does on average before it needs to be replaced. In this case, the value will be set by external studies that determine the value as 0.02 € per kilometer [11, 30] .
By multiplying this value by the average annual miles traveled by a vehicle, you get the economic value that the customer spends annually to maintain the electric vehicle. As can be seen, the maintenance cost per kilometer is significantly lower compared to the conventional vehicle (33% lower). This is because electric motors do not have a large variety of working parts, which means that a continuous maintenance, as exhaustive as in internal combustion engines, is not necessary. In fact, the electric motor has one moving part, the shaft, which is very reliable and requires little or no maintenance. Another important factor is the elimination of oil, which implies that it is not necessary to make periodic oil changes. In the electric vehicle, drive systems do not exist, as nor do fuel pumps or injection, which also minimizes maintenance [8] . The fact that the electric motor is simpler than the internal combustion engine reduces the risk of breakdowns.
To summarize, we can determine that the TCO is described by the following expression: 
where "y" is the year of purchase. As explained above, the annual costs for both kinds of vehicles are determined by fuel costs and maintenance costs from the vehicle purchasing year until the year 2020, the year when the simulation ends. Obviously, these costs are variable in time due to variations in the fuel prices previously explained, as well as the number of kilometers traveled on average each year. Once all input data have been determined and modeled, the output data is the number of years that the potential clients take to recover their investment, comparing how long it takes for it to be more profitable to buy an electric vehicle than a conventional vehicle. This value will depend on the timeframe when purchasing the vehicle.
According to the number of years for repayment, the purchase of electric vehicles, compared to conventional vehicles, will have a different appeal to the potential customer, resulting in a percentage of the population that will potentially want to buy an electric vehicle in Spain.
This result, added to the rest of the results from the other blocks of the model, enables us to obtain the estimated number of vehicles that could run on Spanish roads in the coming years under our assumptions.
It is important to note that, although the economic is the main factor when purchasing a new vehicle, there is no direct correlation between the price of the vehicle and the number of existing electric vehicles on the roads. For the full study and the final results, other factors have been used, such as the autonomy of electric vehicle, advertisements and information, recharging points and "word of mouth".
Results
As explained before, the scenarios to analyze are related with the economic factor, keeping the baseline scenario for the other variables not analyzed in this paper. The first scenario to be analyzed corresponds to the baseline model, based on data that we know today for Spain; that is, a forecast model in terms of the likely evolution of the batteries and the non-implementation of battery exchange stations [31] and with the estimated average battery cost. We could say that this is the reference state. To combine these data, it is assumed that government subsidies are known until this time, i.e., 7,000 € for the purchase. As for the cost of the battery, according to the average forecast in 2020, the cost per kWh will be close to 243 € [21] , implying that a full battery will cost about 6,500 €. According to the model and the average forecasts in all fields, we find that the number of vehicles in 2020 would be around 700,000 ( Figure 9 ). This figure corresponds to a number of CO 2 tons not emitted to the atmosphere of more than 6 million ( Figure 10 ). To calculate the CO 2 not emitted, the replacement of a conventional vehicle by an electric vehicle is assumed. In this first stage of the electric vehicle commercialization, it is only expected to reach the "early market", that is, the market formed by the "innovators" such as car enthusiasts and environmentalists [30] . Due to the small size of this group (less than 2.5% of global demand), the so-called "rebound effect" due to the temporal space covered by the study is not expected [32] .
Although the electric vehicle obtains a reduction in CO 2 emissions because it does not generate emissions during its use due to the electric engine, there are emissions generated in the production of the electrical energy used by the vehicle. Accordingly, there is an emission displacement, but as mentioned above, the total energy balance (Well-To-Wheel) still indicates a significant reduction in CO 2 emissions [33] .
The following scenarios are designed to study the evolution of the cost of the battery. As seen before, the cost of the battery is decisive in the evolution of electric vehicle demand. For the analysis of this battery development, two scenarios are considered in addition to the baseline: the optimistic scenario with an annual decrease of 10% in kWh of the battery (corresponding to a major evolution of electric vehicle sales worldwide, making the cost of the battery dramatically lower due to mass production), and one pessimistic, with an annual decrease of 4% in the price of the battery (this scenario represents a poor use of electric vehicles, where mass production of batteries has failed to take off sufficiently in order to achieve a significant reduction in the price). The baseline scenario is a decrease of 7%. Figure 11 shows the cost of the battery under the various scenarios. Figure 11 . Forecast of battery cost in the optimistic, pessimistic and baseline scenarios (own calculations).
In these three cases, the electric vehicle fleet evolves as follows ( Figure 12 ): Figure 12 . Electric vehicles on roads for the optimistic, pessimistic and baseline scenarios (the authors' calculations).
It can be seen that, in 2013 and the following years, there is a clear difference between the various scenarios. This is because the battery capacity in these early years of commercialization of electric vehicles is relatively small (22 kWh). The value of kWh between scenarios in 2013 ranged between values of 364 and 442 €, i.e., about 80 € of difference, which, increased by 22 kWh, is approximately 1,700 €. As the battery increases in capacity, this price difference becomes more significant. This can clearly be seen in the graph of the average price of electric vehicles with the current values of the facilities (Figure 13 ). Figure 13 . Electric vehicle price for the optimistic, pessimistic and baseline scenarios (own calculations).
As seen before, the price of the electric vehicle grows so much during 2012 due to the end of subsidies currently approved by the Spanish government. If government support in the form of a subsidy for purchasing electric vehicles is stopped, the targets will not be achieved. Figure 14 shows the optimistic scenario of reducing the cost of the battery in relation to government objectives. If we keep the subsidies of 7,000 € constant in time for the optimistic scenario, the following results are obtained (Figure 15 ). In this case, the results are well above the targets set, but at an exorbitant cost (close to 14,000 million Euros). By performing various simulations, we can determine that in the optimistic scenario of reducing the cost of the battery, with a subsidy value of 2,000 € from 2012, the government achieves the objectives until at least 2016, and there is a slight difference in subsequent years, only converging after 2020. For 2,000 € of subsidy, the total government expenditure will be slightly in excess of 3,000 million Euros, which is a value quite consistent with the current government budget (remember that, for the years 2011 and 2012, the budget was 240 million Euros) (Figure 17 ). The case of the pessimistic scenario is quite different from the optimistic one, given the value of the subsidies necessary to achieve the objectives. When using the estimated value of 2,000 € for the optimistic scenario, we find that the goal is met until 2014, but as the battery capacity increases over time, demand for electric vehicles will decrease, since they will lose competitiveness against conventional vehicles, due to high additional costs. In this case, the optimal value of the subsidies, after making several simulations, were obtained for values between 4,500 € and 5,000 €, implying a cost to the government of nearly 6,000 million Euros (Figure 18 ). In view of the results, which can be determined taking into account the decrease in the cost of the kWh battery that will exist in coming years, the value of the subsidies to be given for the purchase of electric vehicles will range from 2,000 € in the optimistic case and up to 5,000 € in the pessimistic case.
Conclusions
The proposed model based on System Dynamics, provides a structure and framework to understand the behavior of the electric vehicle market according to the behavior of the main variables involved and the different scenarios. The key factors to integrate energy policies with market and customer criteria have been shown and quantified. The simulations help to understand the problem and forecast the evolution of electric vehicles in Spain under different hypotheses.
According to the simulation results, regardless of technological developments that may occur in the coming years, if government subsidies are limited to 2012, the current targets set for 2020 concerning the number of electric vehicles circulating on Spanish roads will not be achieved.
In view of the analysis of the results of the different scenarios, for a good implementation of electric vehicles, a major government outlay to subsidize the purchase will be needed. The acquisition of electric vehicles compared to conventional ones has a cost which is not always accepted by the consumer (although it will be compensated for in the use of the vehicle). In none of the scenarios discussed (even in the most optimistic scenario) are the desired results obtained if subsidies to them are the potential buyer are discontinued. While it is true that the value of the subsidies provided today will not be necessary in the near future, being able to significantly reduce this amount appears to be necessary, at least until 2020.
In fact, the economic factor is so important that, for the potential client, the scenarios of the evolution of vehicle autonomy will not prevail over the economic aspect. Moreover, according to the results of the simulations, the customer will prefer a vehicle with less autonomy, but at a lower cost. Therefore, although there will be significant technological improvements, an extra financial contribution will still be needed when the vehicle is purchased.
Briefly, if the Spanish government maintains its goals for electric vehicles and there is no unexpected technological leap, new economic or financial policies will be needed to support the electric vehicle market. The quantitative results about possible subsidies are only guideline values and they are conditioned by the proposed hypothesis and scenarios.
